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OBJECTIVE AND. SCOPE OF WORK

1. The chemistry and Catalysis of Coal Liquefaction

Task 1

Task 2

Task 3

Chemical-Catalytic Studies

Coal will be reacted at subsoftening temperatures with selective
reagents to break bridging linkages between clusters with minimal
effect on residual organic clusters. The coal will be pretreated

to increase surface area and then reacted at 25 to 350°C. Reagents

and catalysts will be used which are selective so that the coal
clusters are solubilized with as Tittle further reaction as possibie.

Carbon-13 MMR Investigation of CDL and Coal

Carbon-13 NMR spectroscopy wiil be used to examine coal, coal derived
Tiquids (CDL) and residues which have undergone subsoftening reactions
in Task 1 and extraction. Improvements in NMR techniques, such as
crosspolarization and magic angle spinning, will be applied. Model
compounds will be included which are representative of structural
units thought to be present in coal. Comparisons of spectra from
native coals, CDL and residues will provide evidence for bondings
which are broken by mild conditions. o

Catalysis and Méchanism of Coal Liquefaction

This fundamental study will gain an understanding of metal sait
chemistry and catalysis in coal Tiquefaction through study of reactions-
known in organic chemistry. Zinc chloride and other catalytic
materials will be tested as Friedel-Crafts gatalysts and as redox
catalysts using coals and selected model compounds. Zinc chioride,
a weak Friedel-Crafts. catalyst, will be used at conditions.common to

 coal liquefaction to participate in well defined hydrogen transfer

Task &

Task 5

reactions. These experiments will be augmented by mechanistic
studies of coal hydrogenation using high pressure thermogravimetric
analysis and structural analysis. The results of these studies will
be used to develop concepts of catalysis invoived in coal Tiquefac-
tion.

Momentum Heat and Mass Transfer in CoCurrent Flow of Particie-Gas
Systems for Coal Hydrogenation :

A continuation of ongoing studies of heat and -transport phenomena in
cocurrent, co-gravity flow is planned for a one-year perigd. As time
and development of existing work permits, the extension of this study
to include a coiled reactor model will be undertaken. Mathematical
models of coal hydrogenation systems will utilize correlations from
these straight and coiled reactor configurations. ‘

The Fundamental Chemistry and Mechanism of Pyrolysis of Bituminous
Coal ' - ' '

Previous work -at the University of Utah indicates that_coal pyrolysis,
dissolution (in H-donor) and catalytic hydrogenation all have similar
rates and activation energies. A few model compounds will be pyrolyzed
in the range of 375 to 4759C. Activation energies, entropies and pro-



duct distributions will be determined. The reactions will assist
in formulating the thermal reaction routes which also can occur
during hydro-liquefaction.

II. Catalytic and Thermal Upgrading of Coal Liquids

Task 6

Task 7

Task 8

Catalytic Hydrogenation of CD Liquids and Related Polycyclic Aromatic
Hydrocarbons

A variety of coal derived (CD) Tiquids will be hydrogenated with
sulfided catalysts prepared in Task 10 from large pore, commercially
available supports. The hydrogenation of these 1iquids will be
systematically investigated as a function of catalyst structure and
operating conditions. The effect of extemt of hydrogenation will

be the subject of study in subsequent tasks in which crackability
and hydropyrolysis of the hydrogenated product will be determined.
To provide an understanding of the chemistry involved, model poly-
cyclic arenes will be utilized in hydrogenation studies. These
studies and related model studies in Task 7 will be utilized to
elucidate relationships between organic reactants and the structural-
topﬁgraphic characteristics of hydrogenation catalysts used in this
work.

Denitrogenation and Deoxygenation of CD Liquids and Related Nitrogen-
and Oxygen-Containing Compounds

Removal of nitrogen and oxygen heteroatoms from CD liquids is an impor-
tant upgrading step which must be accomplished to obtain fuels
corresponding to those from petroleum sources. Using CD liquids as
described in Task 6, exhaustive HDN and HDO will be sought through
study of catalyst systems and operating conditions. As in Task 6,
catalysts will be prepared in Task 10 and specificity for N- and O-
removal will be optimized for the catalyst systems investigated.

Model compounds will also be systematically hydrogenated using effec-
tive HDN/HDO catalysts. Kinetics and reaction pathways will be
determined. A nonreductive denitrogenation system will be investigated
using materials which undergo reversible nitridation. Conditions will
be sought to cause minimal hydrogen consumption and 1ittle reaction

of other reducible groups.

Catalytic Cracking of Hydrogenated €D Liduids and Related Polycyclic
Naphthenes and Naphthenocaromatics

Catalytic cracking of hydrogenated (D liquid feedstocks will be studied
to evaluate this scheme as a means of upgrading CD liquids. Cracking
kinetics and product distribution as a function of preceding hydro-
genation will be evaluated to define upgrading combinations which
require the minimal level of CD liquid aromatic saturation to achieve
substantial heteroatom removal and high yields of cracked 1liquid
products. Cracking catalysts to be considered for use in this task
shall include conventional zeolite-containing catalysts and large-
pore molecular sieve, CLS (cross-linked smectites) types under study
at the University of Utah. Model compounds will be subjected to tests
to develop a mechanistic understanding of the reactions of hydro €D
liquids under catalytic cracking conditions.



Task 9

Task 10

Hydropyrolysis (Thermal Hydrocracking) of CD Liquids

Heavy petroleum fractions can be thermally hydrocracked over a spe-
cific range of conditions to produce 1ight 1iquid producis without
excessive hydrogenation occurring. This noncatalytic method will

be appiied to a variety of CD liquids. and ‘model compounds, as
mentioned in Task 6. to determine the conditions necessary and

the reactibility of these CD feedstocks with and without prior
hydrogenation and to derive mechanism and reaction pathiay informa-
tion needed to gain an understanding of the hydropyrolysis reactions.
Kinetics, coking tendencies and product compositions will be studied

.as a function of operating conditions.

SystematiclStructurai-Activity Study of Supported Su]fide-cétaiysts
for Coal Liquids Upgrading

This task will undertake catalyst pfeparation, characterization and
measurement of activity and selectivity. The work proposed is a
fundamental study of the relationship between the surface-structural

_properties of supported sulfide catalysts and their catalytic

activities for various reactions desired. Catalysts will be prepared
from commercially available. Supporis composed of alumina, silica-

alumina, silica-magnesia and silica-titania, modification of these
supports to change acidity and to promote interaction with active
catalytic components is planned. The active constituents wiil be

. selected from those which are effective ina sulfided state, including
_ but not restricted to Mo, W, Ni and Co. The catalysis will be pre-

sulfided before testing. Catalyst characterization will consist of

~ physico-chemical property measurements and surface property measure-
 ments. Activity and selectivity tests will alsc be’ condu¢tied using
- model compounds singly and in combination. S

Task 11

Basic Study of the Effects of Coke and Poisons on the Agtiﬁity of
Upgrading Catalysts :

. This task will begin in the second year of the contract after

_ suitable catalysts have been i

dentified from Tasks 6, 7 and/or i0.
Two commercial catalysts or one commercial catalyst and one catalyst

“prepared in Task 10 will be selected for a two-pari study, (1) simu-

lated laboratory poisoning/coking and (2) testing of realistically
aged catalysts. Kinetics of hydrogenation, hydrodesuifurization,

: hydrodenitrogenation and hydracracking will be determined before and
~ after one or more stages of simulated coking. Selected model com-

pounds will be used to measure detaiied kinetics of the above reac-
tions and to determine guantitatively how kinetic parameters change

- with the extent and type of poisoning/coking simulated. Realistically

aged catalysts will.be obtained from coal Tiquids upgrading experimentis

" from other tasks-in this program or from other laboratories conducting

Task 12

long-term upgrading studies.- Deactivation will be assessed based

on specific kinetits determined and selective poisoning studies will
be made to determine characteristics of active sites remaining.
Diffusion of Polyaramatic Compounds in Amorphopé Catalyst Supports

If diffusion of a reactant species to the active sites of the catalyst

- 4s slow.in comparison to the intrinsic rate of the surface reaction,

then only sites near the exterior of the catalyst particles will be
utilized effectively. A systematic study of the effect of molecular
size on-the sorptive diffusion kinetics relative to pore geometiry wili
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bé made using specific, large diameter aromatic molecules. Diffusion
studies with narrow boiling range fractions of representative coal

liquid will also be included. Experimental parameters for diffusion
kinetic runs shall include aromatic diffusion model compounds, sol-
vent effects, catalyst sorption properties, temperature and pressure.

ITI. Hydrogenation of CO to Produce Fuels

Task 13 Catalyst Research and Development

Task 14

Task 15

Studies with iron catalysts will concentrate on promoters, the use of
supports and the effects of carbiding and nitriding. Promising
promoters fall into two classes: (1? nonreducible metal oxides, such
as Ca0, K20, Al1203 and Mg0, and (2) partially reducible metal oxides
which can be classified as co-catalysts, such as oxides of Mn, Mo,
Ce, La, V, Re and rare earths. Possible catalyst supports include
zeolites, alumina, silica, magnesia and high area carbons. Methods
of producing active supported iron catalysts for CO hydrogenation
will be investigated, such as development of shape selective catalysts
which can provide control of product distribution. In view of the
importance of temperature, alternative reactor systems (to fixed bed)
will be investigated to attain better temperature control. Conditions
will be used which give predominately lower molecular weight liquids
and gaseous products.

Characterization of Catalysts and Mechanistic Studies

Catalysts which show large differences in selectivity in Task 13 will
be characterized as to surface and bulk properties. Differences in
properties may provide the key to understanding why one catalyst is
superior to another and identify critical properties, essential in
selective catalysts. Factors relating to the surface mechanism of
CO hydrogenation will also be investigated. Experiments are proposed
to determine which catalysts form “"surface" (reactive) carbon and

the ability of these catalysts to exchange C and 0 of isotopically
labelled CO. Reactions of CO and Hp at temperatures below that
required for CO dissociation are of particular interest. :

Compietion of Previously Funded Studies and Exploratory Investigations

This task is included to provide for the orderly completion of coal
liquefaction research underway in the expiring University of Utah
contract, EX-76-C-01-2006.



Task 1
Chemical-Catalytic Studies of Coal Liquefaction

Faculty Advisor: J. Shabtai '
Graduate Student: R. Jensen

Introduction

" This project ‘is cdnberned w?th-tﬁe development 6f suitable processing
conditions and catalyst-solvent systems for.coal liquefaction under mild
. temperature (<350°C) and. pressure (<2000 psi).

Preéent Status

One of the main conditions for effective use of catalyst-solvent
systems in liquefaction below the coal softening point is the necessity of
increasing the micropore volume of the solid ceal. Previous studies in this
Department show that pretréatment of coal with metal halides, e.g. ZnCly,
at relatively mild temperatiires (200-350°C) causes conmsiderable in-.
crease in surface area and microporosity. Elucidation of the nature of:
chemical reactions between metal halides and coal has attracted recently
considerable interest. In the framework of our work on preparation of
- highly porous coal feeds for subsequent use in homogeneously catalyzed Tig-
uefaction, it was considered of importance to develop a better understand-
ing of such reactions. Therefore, systematic studies -of metal halide-
catalyzed reactions were undertaken, using the following types of model
© compounds: : C S ' e

(a) Alkyibenzenes with branched alkyl groups;

~{(b) AlkyTbenzenes with n-alkyl groups; and
(c) Diarylalkanes. - -- T

These studies were intended to provide information on -

(1) the mode of catalytic activity of metal halides in a wide range
of experimental conditions; and . .

(2) the direction and rate of metal halide-catalyzed dealkylation and
hydrodealkylation processes, as related to cleavage reactions of inter-.

cluster linkages in the coal structure.

The present report provides partial resuits obtained in a study with
model compounds of type (a) indicated above.

The dealkylation reactions of representative monoalkylbenzenes having
branched alkyl substituents, i.e. isopropylbenzene, sec-butylbenzene, and
tert-butylibenzene, in the presence of a silica gel-supported ZnCly catalyst,

were systematically investigated in the 250-500°C temperaiure range.

Experiments were carried out both under hydrogen and under nitrogen
pressure. The Tatter was kept constant at 850 psig for the purpose of
comparison. Reactions were performed in'a microreactor with an internal
valume of 1 ml (to be described in a subsequent report). . The reactor was
of the batch type, with temperature monitored by a thermocouple connected
to a calibrated chart recorder. The total reaction time in each run was



kept constant at 90 seconds. Products obtained were identified and quantita-
tively analyzed by a combination of gas chromatography and mass spectrometry.

Table 1 and Figures la and 1b summarize the change in product composition
from the ZnClo-catalyzed hydrodealkylation of tert-butylbenzene (1) as a
fucntion of reaction temperature (250-5000C), keeping a constant reaction
time of 90 seconds and a hydrogen pressure of 850 psig. Blank experiments
in the absence of catalyst were carried out (Table 1a, last two columns).

As seen from Table 1 and Figure la, the conversion of 1 increases
gradually with increase in temperature (from 4.4 to 68.6%). Further, it is
observed that the main Tiquid product formed is benzene. The yield of this
product is 94-95% at 250-3000C. It decreases somewhat (81-82%) at 350-4000C
and then increases again up to ca. 90% at 450-5000C. Another product found
js di-tert-butylbenzene. The concentration of this compound is only about
3 mole % at 2500C but it increases with increase in temperature and reaches
a maximum of about 10 mole % in the range of 350-4000C. As temperature is
increased further to 500°C, the amount of this dialkylated product again
decreases to around 4%. Small amounts of toluene, ethylbenzene, styrene and
cumene are also observed in the liquid product.

In the 250-400°C range, the gaseous product (Figure 1b) consists mainly
(ca. 96% at 3500C) of C4 hydrocarbons, i.e., isobutane and isobutene. At
5000C the concentration of Cj compounds decreases sharply to about 43% of
the total gas, with the balance (57%) composed of Cy-C3 gases, in particular
methane (33%).

Table 2 and Figures 2a and 2b summarize the change in product composition
from ZnClo-catalyzed hydrodealkylation of isopropylibenzene (2) as a function
of reaction temperature (200-4500C), keeping a constant reaction time of
90 seconds and a hydrogen pressure of 850 psig. As seen from Table 2 and
Figure 2a, the conversion of compound 2 increases with increase in temperature
(from only 0.5 at 2000C to 38.4% at 4500C). Further, there is a marked
change in 1iquid product composition with increaseing temperature. At 2000C
the main 1iquid products are ethylbenzene and styrene (69%) but as temperature
is increased to 2500C the concentration of these compounds decreases, while that
of benzene increases. With further increase in temperature (300-4500C) the
reaction selectivity increases and benzene becomes the predominant liquid
product (ca. 86% between 350-4500C). The composition of the gaseous product
(Figure 2b) also changes markedly with temperature. Thus, at 2000C methane
is the major product (ca. 60%) but as temperature is increased the concentra-
tion of this compound decreases sharply and the predominant gaseous products
become propane and propylene (concentration of Cg gases, ca. 83% at 300-350°¢).
It should be noted that under identical conditions the conversion of isopro-
pylbenzene, 2 is considerably lower than that of t-butylbenzene, 1 (Table 1).
This indicates a higher hydrodealkylation rate for 1, as compared to 2.

Table 3 and Figures 3a and 3b summarize the change in product composition
from ZnClz-catalyzed hydrodealkylation of sec-butylbenzene (3) as a function
of reaction temperature (200-4500C), keeping a constant reaction time of
90 seconds and a hydrogen pressure of 850 psig. As seen from Table 3 and
Figure 3a, the conversion of 3 increases with increase in Temperature from
1.2 at 2000C to ca. 46% at 4500C. Further, it is seen that the liquid product
composation changes drastically with temperature. Thus the main liquid products
at 200°C are ethylbenzene and styrene, but as temperature increases, the
concentration of these products drops sharply while the anticipated dealkylation
product, i.e., benzene, becomes the predominant product. At 300°C benzene
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comprises 96% of the Tiquid product but its concentration decreases at
higher temperature. Other products of some importance are cumene and n-
propyibenzene. Figure 3b shows that the main gases produced at 200°c
are ethane and ethylene (92%). However, as temperature is increased to 300-
- 4000C these products decrease sharply while the concentration of Cg gases
(iscbutane, iscbutene, n-butane, and n-butenes) increases up to ca. 89%
at 350°C. As temperature is further increased to 4500C the yield of Ca
gases drops off and the concentration of Tighter gases, i.e., G1-C3,

jncreases apparenily as a result of secondary cracking reactions.

Tables 1-3 contain also results obtained in experiments without the
silica-gel supported ZnClp catalyst (see separate columns in the right-hand
side of Tables 1-3). In these experiments only silica-gel support was used
as a contact material, keeping otherwise the same reaction conditions, i.e.,
sample size, hydrogen pressure and reaction time, as in the catalytic experi-
ments. As seen from Table 1 the noncatalytic conversion of 1 at 300°C and
3500C (expts. 213 and 164, respectively) is very low (ca. 7%) as compared to
that in the corresponding catalytic experiments (yields, 22.0% in expt. 166,
and 42.1% in expt. 141 at 300° and 350°C, respectively). Further, it is seen
from Tabie 1 that theré is a Tower selectivity for dealkylation in the non-
catalytic experiments, as reflected in the Tower concentration of benzene
in the 1iguid product, and competitive formation of toiuene as a side-
chain dealkylation product.

Table 2 (right-hand column) shows the product composition from 2 in the
noncatalytic experiments at 3000 and 3500C (expts. 175 and 157, respectively).
As in the case of compaund 1 the conversion (ca. 4%) is much Tower than
that in the corresponding catalytic experiments. There is also a fundamental
difference in 1iquid product composition. The main Tiquid products in the non-
catalytic experiments are ethylbenzene and styrene (ca. 87%), while the
predominant T1iquid product found at the corresponding temperatures in the
catalytic experiments was benzene. Further, the main gas produced in the
noncatalytic experiments is methane (ca. 90%). whereas the main gaseous
products in the catalytic experiments are propane and propylene (ca. 82%).

" Table 3 (right-hand column) provides the product composition of 3 at
3500C, using only the silica-gel support. As seen, the conversion is very low
(ca. 6%) as in the case in compounds 1 and 2. The conversion of 3 at 350°C
using the silica-gel supported ZnCi, catalyst is significantly higher (13.1%).
The 1iquid products also show a major difference in composition. There is
only ca. 20% of benzene formed in expt. 159 along with other compounds, i.e..
toluene (ca. 34%), ethylbenzene and styrene (ca. 43%). In contrast, the
main Tiquid product from the corresponding catalytic experiments at 350°C
(expt. 155) is benzene (91%). Further, the composition of gaseous products
shows major differences. In the noncatlytic experiment, methare ethane and
‘ethylene are the major gaseous products (ca. 46%, 31% and 20%, respectively).
In contrast, in the corresponding catalytic experiment C4 paraffins and
olefins are the main products produced (ca. 89%). .

The significance of the results obtained will be discussed, together
with other data, in the next report. ‘

Eufure‘work

Studies concerned with the preparation of porous coals needed for
application of homogeneous catalysts in low-temperature coal Tiquefaction,
will be continued. : .
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Fig.  3a. Change in Liquid Product Compos1t1on from Hydrodea'lky‘lat'ion of
sec- Buty'tbenzene as a Function of React'son Temperature
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Task 2

Carbon—13 NMR Investigation of CDL and Coal °

Faculty Advisor: R.J. Pugmire
Post-Doctoral Feliow: D.K. Dalling

A project report was not submitted on this task.
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Task 3
Catalysis and Mechanism of Coal Liquefaction

Faculty Advisor: D.M. Bodily
Graduate Student: Jason Miller

Introduction

The hydroliquefaction of coal may be characterized by a mechanism which
involves the initial rupture of covalent bonds to form reactive intermediates.
These intermediates may be stabilized.by hydrogen transfer to form lower
molecular weight products or they may polymerize to form insoluble char or
coke. Metal halides such as zinc chloride have been shown to be active in
the bond scission stage of the reaction where as many catalysts are active
only in stabilizing the intermediates, often by regenerating a hydrogen
donor. The combination of thermal and catalytic reactions occurring simul-
taneously results in @ complicated reaction mechanism. The chemistry of
InClo will be studied with model compounds and coal by such reactions as

hydrogen transfers, cleavage of specific bonds and interaction with 7 elec-
tron systems.

A high performance 1liquid chromatograph, HPLC, will be used to analyze
Tiquid products of the reactions under study. Further characterization of
the products will be by nuclear magnetic resonance, NMR, structural analysis
and vapor pressure osmometry.

Project Status

Research is continuing on the characterization of the CDL fractions
obtained from initial separation techniques. Retention time tagging of
standards and standards mixtures has progressed. Progress has been slowed
by slow chemical delivery and then by the solvent delivery system failure.
Repairs were pending parts delivery and will be completed soon.

Future Work

Better raw separation techniques and 1iquid sample preparation and
handling techniques will be developed. Other experiments will use GPC
'on various fractions generated by improved separation procedures. Problems
involving compound retention by columns will be minimized through further
experiments. The literature survey will continue to update HPLC procedures

for optimization of separation procedures and characterization of the
resulting fractions.
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Task 3
Cata]ysig énd Mechanism of Coal Liquefactioﬁ
Catalytic Action of Zinc Chioride in Short-RegidenceCOai Hy&rﬁgenation
Faculty Advisor: David M. Bodily

Introduction

Metal halides such as ZnCl, are weli-known to be active catalysts
for coal hydrogenation. Zinc c%ioride has been shown to be a very '
effective catalyst for coal hydtogen?tion in the.entrainéd-f%bg reactor
developed at the University of Utah. »¢ Bell and co-workers®~2 have
studied the reactions of model compounds with ZnC1p under conditions -
simiiar to those employed in coal hydrogenation. They observed cleavage
of C-0 and C-C bonds in the model compound and proposed that the active
catalytic species is a Bronsted acid formed from ZnCls. T

Shibaoka. Russell and Bodi1y6 proposed a model to explain the Tique-
faction of coal, based on microscopic examination of the solid products
from metal halide catalyzed coal hydrogenation. " The model -involves a -
.competition between hydrogenation and carbonization reactions. The
tiydrogenation process starts at the surface of vitrinite particles and
progresses toward the center. The vitrinite is converted to a plastic
material of lower reflectance, which is the source of 0ils, asphaltenes
and preasphaltenes. Concurrently, carbonization occurs in the center
of the particles. resuiting in vesiculation and & higher reflectance .
material. The partially carbonized material can be hydrogenated at ,
later stages, but at a Tower rate than the original coal. e

‘Thermal-and/or catalytic bond ruptire occurs during the Tigquefaction
process. The initial products of the bond cleavage reactions may be
stabiiized by hydrogen addition, resulting in cleavage of bridges between
aromatic ring systems and in dealkylation of aromatic rings. 'If the -
initial products of the reaction are not stabilized., they may polymerize
‘to form semicoke-1ike material. This primary semicoke may be isotropic’

" or-exhibit a fine-grained anisotropic mosiac texture, depending on the -

rank of the coal. The plastic material formed by stabilization of the
initial products may be further hydrogenated or, -under hydrogen deficient
conditions., may form secondary semicoke. -The secondary semicoke is of
medium to course-grained anisotropic mosiac texture. Bodily and Shibaoka7

- used this model to explain the nature of the residues from hdyrogenation

in the short-residence, entrained-fiow hydrogeantion reactor. The rdle
. of the InC12 catalyst is examined in this study. - -

‘Project Status

Clear Creek, Utah coal (45.4% VM, 0.8% moisture and 6.5% ash) was
hydrogenated in thg short-residence time, entrained—f]ow>react06 under a
previous contract.® The conversion results have been reported.” The
jnitial stages of the reaction were studied by Towering the temperature
. or the length of the reactor. Several catalyst systems were employed.
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The solid residues of the reaction were examined by optical microscopy,
electron microscopy and electron microprobe techniques. The results of
the study may be summarized under the following points:

1 - Zinc chloride Towers the temperature at which softening occurs.
Upon softening, the coal agglomerates and is retained in the reactor for
up to several minutes. Coals which do not soften and agglomerate in the
initial stages of the reaction are blown quickly through the reactor and
show only evidence of primary semicoke formation. Reactions at short
reactor length at 5000C or at 4500C with longer reactors demonstrate that
the plastic margin of the partially hydrogenated coal grains serves as a
glue to cause agglomeration. Softening is thought to occur by cleavage
of covalent bonds in bridges between aromatic ring systems. Zinc chloride
is thus active in this step of the liquefaction reaction.

2 - The hydrogen donor capability of the coal (hydroaromatic content)
is important in stabilizing the products of the initial reaction. Fluidity
of the product is thought to be important in relation to the diffusion of

donor species and thus to have an important effect on reaction time and
conversion.

3 - Solvents preferentially extract from the hydrogenated regions.
Toluene extracts from the low-reflectance regions, but there is no indi-
cation of extraction from the higher-reflectance regions.

4 - The catalyst is altered during the reaction. Most of the chlorine
is extracted by pyridine, although zinc remains in the particles. Zinc
is often found in the same regions as sulfur, although no compounds have

been identified. Previous studies have shown that ZnS is not an effective
catalyst.

5 - The catalyst is dispersed through the coal as the coal softens.
After impregnation it is found only on the surface.

6 - Red mud plus sulfur and presulfided red mud coat the surface of
the coal particles but do not catalyze the softening reactions. Cobalt
molybdate on alumina also does not catalyze the softening reaction and is
found as separate particles in the residues.

Future Work

This study was performed by Professor Bodily while on sabbatical
leave in the laboratories of CSIRO, Division of Fossil Fuels, North

Ryde, Australia. The study will continue as time and manpower is
available.

References

1. R.E. Wood and W.H. Wiser, Ind. Eng. Chem., Proc. Design Devel., 15,
144 (1976).

2. J.M. Lytle, R.E. Wood and W.H. Wiser, Fuel, 59, 471 (1980).
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Task 5

" The Mechanism of Pyrolysis of Bituminous Coal

Faculty Advisor: W.H. Wiser
Graduate Student: J.K. Shigley

Introduction

In the present state of knowledge concerning the fundamental chemistry
of coal liquefaction in the temperature range 375-5500C, the liquefaction
reactions are initiated by thermal rupture of bonds in the bridges joining
configurations in the coal, yielding free radicals. The different approaches
to liquefaction, except for Fischer-Tropsch variations, represent ways of
stabilizing the free radicals to produce molecules. The stabilization
involving abstraction by the free radicals of hydrogen from the hydro-
aromatic structures of the coal is believed to be the predominant means
of yielding 1iquid size molecules in the early stages of all coal Tique-
faction processes, except Fixcher-Tropsch variations. The aobjective of
this pesearch is to understand the chemistry of this pyrolytic operation
using model compounds which contain structures believed to be prominant in
bituminous coals.

Project Status

Several variations of the originally planned experimental technique'|
were tried to correct the problems encountered with sample collection
and plunger movement. After numerous unsuccessful attempts to correct
these problems, it was decided to alter the experimental technique to
remove the intrinsic sampling problems. To insure representative and accurate
sampling and consistent analysis of reaction products, the samples will be
flushed with helium (dried, filtered and oxygen free) directly into the
gas chromatograph. A 4-port Valco switching valve will be used to insure
continuous flow of helium through the gas chromatograph and optimum utili-
zation of the gas chromatograph during downtime of the pyrolysis assemblies.

The valve and all Tines will be heated to prevent condensation of reaction
products.

Future Work

Construction and assembly of the apparatus and connections will be
completed. Various tests will be conducted to insure the integrity and
operation procedure of the system. Problems have been anticipated with
sample size with respect to column and detector overloading, injection
consistency, backflushing of reaction products upon breaking reaction
tube and product condensation in the lines from the pyrolysis assembly
and the gas chromatograph.

Reference

1. W.H. Wiser et al., DOE Contract No. DE/ET/14700-5, Quarterly Progress
Report, Salt Lake City, Utah, Sept-Dec 1980.
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Task 6

Catalytic Hydrogenation of CD Liquids and Related
Polycyciic Aromatic Hydrocarbons

Faculty Advisor: dJ. Shabtai
Research Associate: C. Russé1]

Introduction

The main objective of this research project is to develop a versatile
process for controllable hydrotreating of highly aromatic coal Tiquids,
viz., a process permitting production of naphthenic-aromatic feedstocks
containing variable relative concentrations of hydroaromatic vs. aromatic
ring structures. Such feedstocks, including the extreme case of a fully
hydrogenated coal Tiquid, are suitable starting materials for catalytic
cracking, as applied for preferential production of 1ight Tiguid fuels.
The overall cbjective of this project and of a parallel catalytic cracking
study is, therefore, to develop and optimize a_hydrotreating-cata!ytic
gracking process seguence for conversion of coal Tiquids into conventional

uels. , '

The present project includes also a study of metal sulfide-catalyzed
hydrogenation of model polycyciic arenes present in coal liquids, e.g..
phenanthrene, pyrene, anthracene and triphenylene, as a function of
catalyst type and experimental variabies. This part of the study provides
basic information on the rate, mechanism and stereochemistry of hydro-
genation of .structurally distinct arvomatic systems in the presence of sulfided
catalysts. - :

Project Status

This report provides data obtained in & kinetic study of the hydrogenation
of triphenylene (1) in the presence of a sulfided Ni-W catalyst, Experiments
were carried out using an autociave system described elsewhere,! and
modified to allow for withdrawing of samples during the hydrogenation reaction.

- Products were identified by a combination of gas chromatography-mass
spectrometry, and by comparison with pure reference compounds. Samples
taken in the kinetic runs were quantitatively analyzed by gas chromatography.

Kinetic rate constants were obtained for a reaction pressure of 2500
psi at three different reaction temperatures, i.e., 3000, 3500 and 380°C.
Figure 1 shows the change in product composition from hydrogenation of 1
as a function of time for a reaction pressure of 2500 psig and a reaction
temperature of 3000C. Mathematical analysis of experimental results such
as illustrated in Figure 1 provided the kinetic rate constants for the
reaction. Figure 2 summarizes the hydrogenation -network and the kinetic
rate constants obtained for the consecutive hydrogenation steps involved
in the conversion of 1 into perhydrotriphenylene. '

 The results obtained (Figure 2) indicate that at each temperature
studied the rate constants for hydrogenation of the three peripheral rings
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are in the order k3 > kp > k In other words the rate of hydrogenation
increases with increase in t%e number of saturated rings in the partially
hydrogenated intermediate compound. However, the rate constant for the
last step (k ), involving hydrogenation of the.central, hexasubstétuted
aromatic ring is sharply lower, apparently due to ster1c effects.c It is
also found that the values of ki, kp and ky at 3809C are lower than the
values of the corresponding constants at 380 The reason for this
behav1or, including the possibility of faster cata]yst deactivation at
3800¢C, is presently under investigation.

Future Work
A kinetic study of the hydrogenation of pyrene has been initiated.

References
1. L. Veluswamy, Ph.D. Thesis, University of Utah, Salt Lake City, Utah, 1977.

2. J. Shabtai, C. Russell, M. Ferster and A.G. Oblad, to be pubTlished.
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Figure 2. Hydrogenation of Triphenylene--Reaction Network

Rate constants, min~!
(Pressure: 2500 psi; catalyst: sulfided Ni-W/A1203)

T,%C kq ko k3 kg
300 0.008 0.012  0.015  0.0004
350 0.036 0.115 0.255  0.002
380 0.024 0.04  0.10 0.003
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Task 7

Denitrogenation and Deéxygenation of CD-Liquids and .
Related N- and 0- Compounds

- Hydrodenitrogenation of Coal-Derived Liquids and Related N-Containing Compounds

Faculty Advisor: J. Shabtai
C. Russeil
Graduate Student: J. Yeh

Introduction -

The main objective of this research project is to develop effective
catalyst systems and processing conditions for reductive hydrodenitrogena-
tion (HDN), as well as for direct (nonreductive) denitrogenation of coal-
- derived Tiguids (CDL) in a wide range of nitrogen contents and structurai
 type composition. This is of particular importance in view of the higher
concentration of nitrogen-containing compounds in CDL as compared to that
of petroleum feedstocks. For a better understanding of denitrogenation
processes, the project includes systematic denitrogenation studies not
only of CDL but aiso of related model N-containing compounds )
found in such Tiquids, e.g., phéenanthridine, 1,70-phenanthroiine, carba-
zoles, acridines, etc., as a function of catalyst type and experimental
variables. A part of the study is concerned . with determination of the
rate, mechanism and sterochemistry of HDN of structurally distinct N-
containing aromatic systems in the presence of sulfided catalysts.

Project Status

This report 6rov1des~partia1 results obtained in a ongoing kinetic
study of the hydrodenitrogenation of 7,8-benzoquinoline (1) in the
presence of a sulfided Ni-W catalyst (precursor: Ni-W/A1203, Nalco
Sphericat 550). Kinetic ex?eriments were performed with an autoclave .
system described elsewhere,’ and modified to aliow for withdrawing of
samples during the reaction. Products were identified by a combination of
high resolution gas chromatography-mass spectrometry, and by comparison
with reference compounds. Quantitative analyses were performed by gas
chromatography. _ : .

Kinetic rate constants were obfained for a reaction pressure of 2500
psi at reaction temperatures of 250°C and 3300C (additional measurements
at other temperatures, as well as studies with Co-Mo and Ni-Mo catalysts,
are presently underway). Figure 1 summarizes the kinetic network and
the kinetic rate constants obtained. The data indicdte that after
relatively fast saturation of the pyridine ring in 1 to yield 1.2,3,4-
tetrahydro-7,8-benzoquinoline (2), the subseguent hydrogenation of the
end arcmatic ring in 2, to yield 1,2,3,4,9,10,11,12-octahydro-7 .8-
benzoquinoline (3) is faster than the HDN reaction of 2 Teading to .
2-propyinaphthaiene (4) viz., kg>kp. It is also found that kg>ks indicatirg
that a major part of compound 3 undergoes further hydrogenation to perhydro-
738-beqzoquin011ne, prior to the HDN step. These results demonstrate the
high ring hydrogenation activity vs. relatively Tow C-N hydrogenolysis
actlvity of sulfided Ni-W catalysts obtained from commercial precursors.
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Initial results with sulfided Co-Mo catalysts indicate that the latter possess,
generally a more satisfactory C-N hydrogenolysis activity. Newly designed
Co-Mo catalysts, possessing augmented C-N hydrogenolysis activity vs. relatively
Tow ring hydrogenation activity, are presently under development in this
1abora§ory (Task 10). Such catalysts will be applied in the continuation

of Task 6.

Future Work

The HDN kinetic studies of coal-derived liquids and related model
compounds will be continued.

References
1. L. Veluswamy, Ph.D. Thesis, University of Utah, Salt Lake City, Utah, 1977.
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Figure 1.

Hydrogenation-HDN of 7,8—Benchuino1ine
. Rate Constants, min~!
(hydrogen pressure, 2500 psig; catalyst: sulfided Ni-W/A1203)
TEmpi,°C K1 K2 K3 K4 ' K.5 K6 K7 K8
- 250 0.010 <0.0001 0.0018  -- <0.0007T 0.001 .-- <0.001
330 0.033 0.001 0.006 <0.001 0.002 0.003 <0.001 ca 0.02
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Task 8

Catalytic Cracking of Hydrogenated Coal-Derived
Liquids and Related Compounds

Faculty Advisors: J. Shabtai
A. G. Oblad
Graduate Student: Z. Pai

Introduction

Hydrogenation followed by catalytic cracking provides a feasible
process sequence for conversion of coal liquids into conventional fuels.
Such a sequence has certain_advantages in comparison with a hydrocracking-
catalytic reforming scheme.

The present project is concerned with the following interrelated
subjects: (1) systematic catalytic cracking studies of polycyclic
naphthenes and naphthenoaromatics found in hydrogenated coal Tiquids

and (2) systematic catalytic cracking studies of hydrotreated coal-
derived liquids.

Project Status

In continuation of previous studies,] work is presently underway to
prepare partially hydrogenated feeds derived from SRC-I and SRC-II
products. These hydrotreated feeds have variable concentrations of
naphthenic vs. aromatic ring structures, and therefore, allow for
determination of catalytic cracking rates as a function of the depth of
hydrogenation. Parallel to this, work is being carried out on the prepara-
tion of partially hydrogenated chrysenes, pyrenes,and other polycyclic
arenes, to be used as model feedstocks in catalytic cracking studies.

This report provides data on the hydrogenation of chrysene over a
sulfided Ni-W catalyst, using a batch autoclave system described elsewhere.
The hydrogen pressure applied was 2900 psig, and reaction temperature was
varied from 250°C to 350°C. At a reaction temperature of 300°C, the reac-
tion time was varied from 2 to 6 hours; while at 350°C the variation in
‘reaction time was from 1 to 3 hours. The data obtained allow for selec-
tion of appropriate sets of reaction conditions suitable for preparation
of specific partially hydrogenated chryzenes. For example, at a reaction
temperature of 300°C, a reaction time of 2 hours and a hydrogen pressure
of 2900 psig, 75% of the chrysene is converted, and more than 50% of the
product consists of 1,2,3,4-tetrahydrochrysene. Further, at a reaction
temperature of 300°C, a reaction time of 6 hours and a hydrogen pressure of
2900 psig, the chrysene is fully converted to yield a product containing
55% of 1,2,3,4,5,6,7,8,9,10,17,18-dodecahydrochrysene, and 41% of perhydro-
chrysene. The desired pure model compounds are presently being isolated
from the products by fractional distillation under vacuum.

2
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Future Work

The preparation of (a) partially hydrogenated SéC-I and SRC-II
products; and (b) partially hydrogenated polycyclic arenes will be con-
tinued. Catalytic cracking studies with such feedstocks will be carried
out. ' '

ig

References : N ,
1. S. Sunder, Ph.D. Thesis, Univérsity of Utah, Salt Lake City, Utah; 1980.
2. L. Veluswamy, Ph.D. Thesis, University of Utah, 1977. |
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Task 9

Hydropyrolysis (Thermal Hydrocracking) of CD Liquids

Faculty Advisors: J. Shabtai
A.G. Oblad
Graduate Student: Y. Wen

Introduction

This project is concerned with a systematic investigation of hydro-

pyrolysis (thermal hydrocracking) as an alternative processing concept
for upgrading of heavy coal-derived 1liquids into 1igh Tliquid products.
The high efficiency and versatility of hydropyrolysis has been indicate?
in previous studies with heavy CDL feedstocks and with model compounds. -3
The present project is an extension of this previous work for the
purpose of (a) further developing and enlarging thé scope of the hydro-
pyrolytic reaction, and (b) optimizing the operating conditions for
different types of feedstocks, e.g., coal liquids from different 1ique-
faction processes, partially hydrotreated coal liquids, and relevant
model compounds. The project includes systematic studies of reaction
kinetics, product composition, and coking tendencies, as a function of
operating variables. The work with model compounds provides necessary

data for further elucidation of mechanistic aspects of the hydropyrolysis
process.

Project Status

A new and improved hydropyrolysis unit has been designed, and is presently

under construction. A flow diagram of the unit and a description of its
component parts is given in Figure 1.

Future Work

The construction of the new hydropyrolysis unit will be completed and

put in operation.

References

1. J. Shabtai, R. Ramakrishnan, and A.G. Oblad, Advances in Chemistry, No. 183,
Thermal Hydrocarbon Chemistry, Amer. Chem. Soc., 1979, pp 297-328.

2. R. Ramakrishnan, Ph.D. Thesis, University of Utah, Salt Lake City, Utah, 1978.

3. A.G. Oblad, J. Shabtai and R. Ramakrishnan, pending patents.
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Hydropyrolysis Unit — Components

Component

cylinders
regulator
meter valve
rotameter

check valve
thermocouple
pressure gauge
heating element
thermocouple
mixer

heating element
thermocouple
feed holder
pressure gauge
meter pump
reactor

reactor heating element

thermocouple
condenser

gas-liquid separator
ice-water holder
thermocouple
pressure gauge
gas-liquid separator
ice-water holder
thermocouple

meter valve

CdC12 scrubber

wet test meter

gas holder

temperature controller
temperature controlier
temperature controller

RTD switch
digital temp indicator

36

Description
max. 3500 psi

control hydrogen flow

one way

measure preheated Ho gas temp
reactor inlet pressure
preheating Hy gas

detect mixed gas temp

mix feed and Ho gas
preheating feeﬁ

detect preheated feed temp

pump pressure

max. 250 ml

helical tube reactor

tubular heating element (semi-
circule with reactor tube)

detect reactor temp

2%" X 24u

300 ml

cooling the gas

detect 1st separator temp
indicate outlet pressure

120 ml

cooling the 1ight compound
detect 2nd separator temp
control the system pressure

when use HpS gas to deactivate
the reactor tube

calculate the gas volume

500 liters

control the temp of preheated
HZ gas

control the temp of preheated
feed

control the reactor temp




Task 10

Systematic Structural Activity Study of Supporfed
Sulfide Catalysts for Coal Liquids Upgrading

Faculty Advisors: F.E. Maésoth
‘ J. Shabtai
" Post-Doctoral Feliow: G. Muralidhar

Introduction

~ The objective of this research is to develop an insight into the
basic properties of supported sulfide catalysts and to determine how
these relate to coal Tiquids upgrading. The proposed program involves a
fundamental study of the relationship between the surface-structural
properties of various supported sulfide catalysts and their catalytic
activities for various types of reactions. Thus, theére are two clearly
defined and closely related areas of investigation, vizs, (1) catalyst:
characterization, especially of the sulfided and reaction states and -
(2) elucidation of the mode of interaction between catalyst surfaces and
organic substrates of different types. The study of subject (1) will
provide basic data on sulfided catalyst structure and functionality,
and would allow the development of catalyst surface models.  Subject (2),
on the other hand, invoives systematic studies of model -reactions on
sulfide catalysts, and the utilization of data obtained for development
of molecular level surface reaction models correlating the geometry
(and topography) of cata]yst surfaces with the steric-conformational
structure of adsorbed organic reactants. The overall objective of the
project is to provide fundamental data needed for design of spec1f1c
and more effective catalysts for upgrad1ng of coal Tiquids.

Atmospheric activity tests using model compounds representative of
hydrodesulfurization (thiophene), hydrogenation (hexene) and cracking
(isooctene) have been developed. These were emplioyed to assay changes
in the catalytic functions of various supported CoMo catalysts. It wés
found that hydrodesulfurization (HDS) and hydrogenation activities were
generally unaffected by the type of alumina used or by the cobalt salt
used in the preparation; whereas, cracking activity varied considerably,
being highest for y-A1503 and cobdit sulfate addition. In a series of
catalysts employing silica-alumina as the support, the two former func- '
tions decreased with increasing silica content, while cracking went through
a maximum in activity. Addition of acidic, basic or neutral ions to
the standard catalyst at 0.5 wt % level showed interesting changes in
.catalytic activities for various functions. Acidic ions Tike F and Ci
increased catalytic activity for HDS and cracking reactions whereas the
hydrogenation function was not affect. Basic additives Tike Na decreased
hydrodesuifurization activity while hydrogenation activity did not show
any -appreciable change. Neutral ions Tike Mg and Zn did not influence
any of the functions.
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Project Status

During this quarter, the effects of varying the pretreatment procedure
with the standard CoMo/y-A1,0., catalyst and of different supports on result-
ant catalyst activities werg ?nvestigated. A11 catalysts were prepared by
incipient wetness impregnation and calcined at 540°C.1 The composition of
the active components was 3% Co and 8% Mo. Catalyst activities for hydro-
desulfurization (HDS), hydrogenation and cracking were determined at 350°C
in a fixed-bed, microcatalytic reactor at atmospheric pressure using thio-
phene, hexene-1 and isooctene, respectively. Details of experimental pro-
cedures were described earlier. .

It is well known that the sulfided form of CoMo catalysts is active
for HDS. However, the reduced form also has considerable activity. Previous
studies on Mo catalysts have shown that different reduction and sugfiding
pretreatments can have an influence on HDS activity for thiophene.® With
a view to acquiring data on the influence of pretreatment on our standard
CoMo/y-A]zo catalyst, various reduction and sulfiding procedures were
studied. Cgtalyst activity data for HDS, hydrogenative and cracking are
presented in terms of rate constants in Table 1. Significant differences
in catalyst activities were obtained by these treatments.

The standard sulfiding pretreatment adopted for previous testing con-
sists of treating the catalyst with 10%H S/H2 for two hours at 400°C,
followed by cooling to 350°C in He (Run T). “In Run 2, the catalyst was
only oven-dried at 110°C instead of the normal 540°C calcination. It was
quickly heated to 400°C in He and then immediately sulfided for two hours,
The resultant catalyst showed Tower HDS activity, higher cracking activity
and the same hydrogenation activity as for the standard calcined catalyst
(Run 1). The effects of reduction in H, at 400°C prior to sulfiding (Run
3) was minimal on HDS and hydrogenation, but increased cracking; whereas
a 500°C reduction (Run 4) resulted in lower HDS activity. It is likely that
a temperature of 400°C is too low to achieve much reduction of the active
components, which are in an oxide state from the catalyst calcination in
air. However, at 500°C, appreciable reduction in H, can result in a lower
valence state of the Mo and Co with formation of anTon vacancies. Previous
work on Mo/A1,0, has shown that prereduced catalysts add less sulfur during
the subsequen% gu]fiding step.4 It is believed that both anion vacancies
and sulfide ions-are important for HDS activity.3 Therefore, a lower sul-
fide level in the 500°C reduced catalyst would result in a reduced number
of active vacancy-sulfide ion pairs and consequent lower HDS activity. What-
ever the explanation, it is interesting that prereduction did not affect
hydrogenation activity and markedly increased cracking activity. This rein-
forces an earlier conclusion that the three reactions take place on different
sites.® The lack of change in hydrogenation must certainly indicate that no
appreciable change in dispersion of the active phase occurred due to reduc-
tion, since previous results had shown a lowering of both ?DS and hydrogena-
tion with catalysts having lower active phase dispersions.' If this is so,
then the lower HDS activity for the prereduced catalysts would indicate a
loss of localized active surface sites for HDS without benefit of appreciable
structural changes in the active phase. The reason for the increase in
cracking activity with prereduction is not clear at present.

In Runs 5 and 6, the catalyst was not presulfided prior to exposure to
thiophene. A prereduction in this case (Run 5) gave a catalyst having the
lowest HDS activity; whereas no pretreatment (Run 6) resulted in a moderate
activity loss for HDS. Since thiophene has been found to be less effective
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in suifiding a Mo/A1,0, catalyst than H S,3 it may be surmised that the

Tower activity in thésg cases is due to lower sulfur content of the catalysts,
as has been discussed above. Again, the hydrogenation activities were not
affected by these treatments. _

Table 2 presents data on the effect of various supports on catalyst
activity. A1l gave significantly Tower HDS and -hydrogenation activities
than for A1,0,. This is most 1ikely due to poorer dispersion of the active
phase in thés catalysts, as they all showed evidence of crystalline CQM004

in the oxide state by X-ray diffraction analysis. The higher cracking :
activity for the Si0,-Mg0 catalyst is undoubtedly due to the support itself, 1
which is highly acidic. Similar effects were observed with SiOZ—Ai 0, catalysts.
The low cracKing activities for the Si0, and C catalysts can be att;iguted to

the active acid character. From the reéuits,obtained thus far, it appears

that an A12 - support is the best to achieve highest HDS and hydrogenation
activity. T%is can be atiributed to the high degree of support-active

phase interaction in_the calcined catalyst, resulting in a high dispersion

of the active phase,® which is maintained in the sulfided state. .

Future Work

‘Sulfur analyses and additional X-ray diffraction data will be obtained
on the various CoMo catalysts to relate to catalyst activities. A technigque
to determine oxygen chemisorption on the sulfided catalysts is under investi-
gation. A dry box to interface with the ESCA instrument so that sulfide
samples can be examined without exposure to air is on order. As soon as
this is available, work will start on characterization of sulfide catalysts
withESCA. Some additional CoMo catalysts on modified Al 03 supports have
been prepared and will be tested. Preparation and tésti%g of catalysts
containing Ni and W will begin. '
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Table |. Effect of Pretreatment on Activity of CoMo Cata]ystsa

c
Pretreatmentb Rate Constants
Temperature, °C kT kH kc
. . 3 . 3 . K
Run No. Reduction Sulfiding cm™/g min atm cm”/g min cm™ /g min
1 none 400 32.8 60.9 155
2 none 400 23.8 58.7 182
3 400 400 35.8 67.9 231
4 500 400 20.2 60.1 211 -
5 500 none 8.0 58.3 148
6 none none 19.2 57.4 224

4p11 catalysts contained 3% Co and 8% Mo on Y-A1203.

bAl] catalysts were calcined at 540°C, except for number 2, which was only
dried at 110°C.

CkT for HDS, kH for hydrogenation, kc for cracking.

Table 2. Support Effects on Activity of CoMo Catalysts

Rate Constantsb
a 3, T 3 H 3,°
Support cm™/g min atm cm™/g min cm/g min
y—A1203 32.8 60.9 155
SiO2 1.7 8.1 84
510,-Mg0° 11.9 29.9 528
T10, 6.9 18.5 231
C 6.0 34.0 78

437 Co and 8% Mo.
ka for HDS, kH for hydrogenation, kc for cracking.
©27% Mg0-73%S10,.
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Task 12

Diffusion of Polyaromatic Compounds in Amorphous
.Catalysts Supports -

Faculty Advisor: . F.E. Massoth
Graduate Student: A. Chantong

Ihtroduction

This project involves assessing diffusional resistances within .
amorphous-type catalysts. Of primary concern is the question of whether
the Targer, multiring hydro-aromatics found in coal-derived Tiquids will
have adequate accessibility to the active sites within the pores of typical
processing catalysts. When molecular dimensions approach pore size '
diameters, the effectiveness of a particular catalyst is reduced owing to
significant mass ‘transport resistance. An extreme case occurs when mole-
cular and pore size are equivalent, and pores below this size are physically
inaccessible. ' : '

The project objective can be achieved through a systematic study of
the effect of molecular size on sorptive diffusion rates relative to pore
geometry. Conceptually, the diffusion of model aromatic compounds is
carried out using a stirred batch reactor. The preferential uptake of
the aromatic from the aliphatic solvent is measured using a UV spectro-
meter. Adsorption isotherms are determined to supplement the diffusion
studies. : : .

Initial work entaiied development of a suitable reactor, measurement
techniques and methods of data anaiysis. These demonstrated that adsorp-
tion was diffusion-controlied. Effective diffusivities were larger than
predicted for pore diffusion and a-surface diffusion contribution was
postulated. Subseguent studies were extended to other multiaromatic
compounds and aluminas with similar results. The fractignal surface
diffusion contribution was appreciable and about the same in all cases.
Because of this, restrictive diffusion effects could not be properly evalu-
ated. However, for the largest size compound. (20 B) and smallest average
pore size alumina (50 B) tested, a markedly lower diffusivity was obtained,
indicative of a restrictive diffusion effect. - -

Project Status

The adsorption isotherms for catalysts L, D, C and-M with solutes
naphthalene, coronene and tetra-phenyiporphine in cyclohexane were .
completed. . A1l of .the data fit a Freundlich isotherm, which is represented
by the following expression, ‘ .

g=ke'/" | ()
where Q is the soiute uptake in mg/cm3,'c is the final soiution concentra-
tion in mg/cm3 and k and n are constants. -The constants k and n for all

the solutes and catalysts studied are given in Table 1. As the arcmaticity
of the solute increases; the curvature of the isotherm (value of n) increases.
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Solute uptakes (related to k) also increase with molecular size. Catalyst
effects are less pronounced, although a decreasing trend in k and n with
jncreasing average pore size is generally observed. The values of n are
used for calculating effective diffusivities.

Effective diffusivities of the solutes in catalysts L, D, C aqd M
were measured in diffusion experiments; the results are presented in Table

2. From the following relation of the effective diffusivity in porous
solids,

De = DbiKr (2)

where D, is the effective diffusivity coefficient in cm/sec, Dy is the
bulk di%fusivity coefficient in cm?/sec, € is porosity of the catalyst,

1 is the tortuosity of the catalyst and K, is the restrictive coefficient,
Kp/T for each solute-catalyst pair can be calculated.

In gas systems, where the molecular diameter of the gas is usually
small compared to the pore -size of the catalyst, the tortuosity of the ca-
talyst is taken to be characteris?ic of the porous structure, but not the
nature of the diffusing molecule.! In the system under investigation,
involving a 1iquid phase, the molecular diameter of diffusing molecules
are not small when compared to the pore size of the catalysts. Also
there are big differences in molecular diameter of the diffusing molecules;
for example, naphthalene with molecular diameter of 7 R to tetraphenyl-
porphine with molecular diameter of 19 R. Therefore, the tortuosity can no
Tonger be taken to be characteristic of the porous structure alone, but
it is also a function of the molecular size of the diffusing molecule.2s>3

Becayse values of T are not known, K. and t are lumped together as one
variable parameter Kp/t. This parameter combines both the restrictive
effect and the combined effect of pore structure and molecular size. For
the larger diffusing molecules, the t value would be larger and K. smaller.
Therefore Kn/t would be expected to decrease as the ratio of critical
solute molecular diameter to pore diameter increases. Values of K./t from
the experimental data are plotted against the ratio of critical solute
molecular diameter to pore diameter (ds/dp) in Figure 1.

Beck and Schu1tz2 studied diffysion rates of several compounds with
molecular diameters from 5.2 to 43 g in mica membranes. The mica membranes
were prepared with uniform, straight pores from 96 to 600 R in diameter and
3 to 5 micrometers thick. Their results showed a large effect of ratio of
solute critical diameter to pore diameter on pore diffusion rates. At a

size ratio of solute to pore of 1/10, the pore diffusion rate was about
40 percent less than its bulk diffusivity.

Tgeir results are plotted as a solid line in Figure 1. Satterfield
et al.% also measured diffusion rates of both nonadsorbing solutes and

prgferentiaiéy adsorbed solutes in a silica-alumina bead catalyst (pore
diameter 32 R). Their data for preferentially adsorbed solutes are also

p]otteq in Figure 1. The results from the present study agree reasonably
well with results of these investigators.

The general agreement between these sets of data is somewhat surprising
since quite different systems were studied. Beck and Schultz used mica

42



membranes (pore diameter 96-600 R) with nonadsorbing solutes (equilibrium

coefficient K, & 1), Satterfield used a silica alumina catalyst (pore

diameter 32 B) with slightly preferentially adsorbed solutes (kp = 2.4-182),

- and in the present study highly preferentially adsorbed solutes (Kp & 40-4000)
with gamma aluminas (pore diameter 49-154 R) were used. Thus, it appears that

the resirictive diffusion correlation of Figure 1 is a general one that may

apply to alil systems. However, further experimentation will be required

to confirm this conciusion. : ’ : :

Future Work

Satterfield and Cheng5 measured diffusion rates of organic compounds in . .
- type Y zeolites. They found that not only the critical molecular diameter

of the diffusing molecutes affected the rate:of diffusion, but aiso the
interaction between diffusant and zeolite affected diffusion rates. :Molecules
with higher polarity had Tower mobility in the zeolite channels as a'result
of this interaction. To check whether this effect is important in our

. system, the diffusion rate of quinoiine will bé measured and compared to the
diffusion rate of naphthalene. Quinoline has about the same critical molecu-
lar diameter as naphthalene but has a higher polarity. If the polarity of

the solute is not an important factor, the same diffusion rates should be
obtained from these two compounds.. o SR ' ; -

Several investigators®:7 have found that the effective diffusivities of
organic compounds in both zeolites and activated carbon are strongly dependent
on the concentration; this was explained by the occurrence of surface
diffusion. Both surface diffusion fluxes and surface diffusion coefficients
were found to be strongly concentration dependent.8,9 Experiments to check

- the concentration dependence of the effective diffusivity in our system will
be carried out. . - ) z
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Table 1.

Freundlich Isotherm Constants.

Solute Catalyst a kb nb

L 33 1.31
Naphthalene M 30 1.28

D 27 1.26

C 22 1.19

L 170 1.71
Coronene M 140 1.65

D 128 1.57

C 123 1.39

L 185 3.09
Tetra-Phenyl M 150 2.98
porphine

D 135 2.85

C 87 3.16
3pverage pore sizes, dy, are: L-49, M-72, D-98, C-154 .
Byalues of constants in Eq. (1).
Table 2. Effective Diffusity Coefficients.

Da X 106, cm2/sec
Catalyst L Catalyst M Catalyst Catalyst C
dy=49R  dp=72R  dp=98 dy = 154 R

Naphtha]eng 3.4 3.45 4.08 6.95
Coronene 2.11 2.365 2.82 4.14
ds = 11.1 R
Tetra-phenyl- ‘
porphine 0.47 0.66 1.43 1.49
ds = 19 R
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Task 13

- Catalyst Research and Development

Faculty Advisor: F.V. Hanson
Graduate Student: C.S. Kim

Introduction

The objectives of this project are to develop a preparation technique
for a Raney type catalyst (particularly Raney iron-manganese catalyst)
and to find the optimum process variables for the maximum production of
Tow molecular weight olefins and/or BTX via hydrogenation of carbon
monoxid?. A detailed description of the objectives are in a previous
report.

A fixed-bed reactor system was fabricated to conduct catalyst screening
tests to determine the optimum process variables and to study the overall
kinetics of the hydrogenation of carbon monoxide over Raney type catalyst.
An electrical heating furnace was built to produce various aluminum alloys
with different compositions and components.

Several samples of aluminum-iron alloys were made in the furnace and
optimum heating and cooling conditions were found.

Project Status

Three types of aluminum alloys (A1-Fe, A1/Fe=55/45 wt %; Al-Fe-Mn,
A1/Fe/Mn=60/38/2; A1-Mn, A1/Mn=40/60) were prepared in the same manner
as reported in the previous report except that the hot melt was
quenched by casting the melt on a stainless steel plate, whose bottom
was in contact with water for fast heat dissipation. This casting step
is believed to contribute some degree of mixing and thereby reduce
major segregation problems.

A part of each alloy was subjected to a homogenization heat treatment.
Each alloy sample was placed in a quartz tubing, evacuated, sealed and
then heated in a muffle furnace. Table 1 shows the heat treatment condi-
tions for alloy preparation and for homogenization.

The X-ray powder diffractions were done for each cast and homogenized
sample of the alloys to identify the major phases present in the samples.
The X-ray powder diffractions were made on a Philips Norelco vertical
goniometer. The alloys were crushed into fine particles to pass through a
270 mesh sieve. Collimated copper radiation (CuKa) was diffracted from
the mounted sample to a bent graphite monochromator set and then the
radiation was transmitted to a scintillation counter. The tube current
and voltage were 20 mA and 35 Kv, respectively. Each sample was scanned
between 200 (26) to 700 (26/min).

Each cast sample showed the diffraction pattern of the corresponding
phas found from the pahse diagrams2 as listed in Table 1. No other peaks
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with noticeable intensities were found except those of the phases in
Table 1.

Any differences in the X-ray diffraction patterns between the cast
sample and the homogenized one were not found, although the homogenized
sample showed smoother background and sharper peak intensities, presumably
due to the annealing effect after homogenization.

An optical microscope was used to examine the two-dimensional
surface of the Al1-Fe alloy. The alloy samples were mounted on an
epoxy resin. This mounted specimen was ground and po11shed to expose
an undistorted surface according to the procedures in the Titerature. 3
Grinding was done with silicon carbide abrasive papers in order of decreasing
'part1c1es1zes (240, 320, 400, 600 grit). The surface was polished with a
magnesium oxide fine powders on a rotating wheel as suggested by Mondoifo.~
This polished surface of the Al-Fe alioy was etched with 20% sulfuric
acid solution for 1 minZ to reveal the grain boundaries. These boundaries
could be clearly seen under the optical microscope. Some black spois were
found on the surface, sometimes across the grain boundaries. Since an
examination of an unetched sampleshowed the same black spots, it was assumed
that these black spots originated from porosities of the sampie, not a
second phase. These porosities may. come from the shrinkage of the alloy
during quenching and gas entrapment such as hydrogen produced by the
reaction of the moisture in the air with the hot surface of the alioy melt.

A detaiied identification of the phases in each type of alloy with
an electron probe microanalyzer (EPMA) could not be done due to the
breakdown of the instrument.

A catalyst act1vat1on and washing unit were set up to activate the
alloys and to wash the remaining a1ka11s as shown in Figures 1 and 2.

Future Work

_ The identification of the phases in the ailoys will" Be confirmed
by an EPMA. The uniformity of the alloy sampies w111 also be examined
using the above technique

The activation of the catalyst and the activity test W1th a fixed-
bed reactor will be initiated. '
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Table 1

Alloy Type

Al-Fe

Al1-Fe-Mn

Al-Mn

Alloy preparation
Temp/heating time

1250°C/12 hr

1250°C/12 hr

1250°C/24 hr

500°C/1 hr 6009C/2 hr 1000°C
Homogenization 9750C/2 days 950°C/2 days 2 days
Temp/heating time o

500°C/1 hr 600°C/2 hr 1000°C

975°C/4 days 950°C/4 days 4 days
Phases FeoAlsg FeAls MnAl
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Task 13
Catalyst Research and Development -
Synthesis of Light Hydrocarbons from CO and Hy .

Faculty Advisor: F.V. Hanson
Graduate Student: Y.S. Tsai

Introduction

The hydrogenation of carbon monoxide to produce Tow molecular weight
olefins (C2-C4) has been studied over a series of unsupported iron-
manganese catalysts in a bench-scale fixed-bed reactor system. The results
indicated that an iron-manganese catalyst composed of 2.2 parts manganese ‘
per 100 parts iron (atomic ratio) was selective for the Cp-Cs olefin production.
Effects of process parameters on the product yield and selectivity over a sub-
set of iron-manganese catalysts has been completed. Most of the data were
in agreement with those found in the literature.

Three important steps have been considered to obtain a more compre-
hensive analysis of the catalyst performance. These steps include: (1) the
fabrication of a new Tixed-bed reactor system, (2) .the establishment of the
catalyst characterization procedures and (3) the effect of various catalyst
pretreatments and catalyst preparation. The advantages to be derived from
the steps taken above Will be a more accurate material balance, the clear
nature of the catalyst surface corresponding to the catalyst activity and
selectivity as well as the optimal catalyst pretreatments for the maximum
yield and selectivity. ‘ ’

Project Status

The preliminary design of the new fixed-bed reactor 3ystem is completed.
Some important equipment has been purchased. The fabrication will be carried
out as soon as all the equipment has arrived. ‘

The procedure for catalyst characterization is being pursued. A liter-
ature survey on the hydrogenation of carbon monoxide is also being undertaken.

Future Work

The fabrication of the new reactor system will be carried out extensively
after all the equipment is acquired. Characterization of the Fe/Mn catalysts
will be conducted to determine the catalyst nature. The literature survey
will also be continued to keep abreast of the latest developments for carbon
monoxide hydrogenation. : ' ' . ,
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Task 14

Characterization of Catalysts and Mechanistic
Studies

Faculty Advisor: F.E. Massoth
Graduate Student: K.B. dJensen

Introduction

This phase of the project is intended to supplement the high pressure
reactor studies by detailed examination of the catalyst properties which
enhance catalyst activity and selectivity. This is accomplished by
characterization studies performed on fresh catalysts and on the same
catalysts which have been run in the reactor. Of particular interest
are metal areas, phase structure, catalyst stability and surface charac-
teristics. Also, variables in catalyst preparation ard pretreatment
are examined to establish their effects on catalyst properties. Finally,
in-situ adsorption and activity are studied under modified reaction con-
ditions with a number of well-characterized catalysts to obtain correlating
relationships. The catalysts under present investigation are iron-based
catalysts promoted with manganese oxide.

PEevious work had shown the reduced catalysts have Tow surface areas
(<10 m%/g) and are composed of two principal phases, o iron and manganese
(I11) oxide. Some used catalysts were also found to contain small amounts
of possible iron oxide and iron carbide phases. Investigations using the
scanning electron microscope indicated that the MnO phase is well dispersed
in the catalysts and X-ray line broadening results indicated that the Mn0
particles or possible layers average in the order of 200 @ in breadth.

Some iron {II) oxide (Fe0) is also indicated to be present in the Mn0 phase
by X-ray diffraction.

Preliminary carburization studies gave two general regimes of car-
burization, an early fast carburization followed by a slower one. The
presence of Mn0 promoter was found to slow carburization.

Temperature programmed reaction/desorption studies support the inter-
pretation of some dissociative chemisorption of CO on the iron containing
catalysts; also that a relatively strong interaction exists between the
catalysts and both adsorbed carbon and oxygen. The pure MnO catalyst was
found to be generally inactive toward CO but did adsorb CO and 02.

Data from X-ray diffraction, BET surface area, and CO and 0z chemisorp-
tion experiments have been used to produce tentative structural models for
the Tow manganese and high manganese iron catalysts. The low manganese
catalysts have a significant portion of their potential iron surface area
covered by smaller particles of manganese oxide. The high manganese
catalysts seem to be iron and Mn0O particles showing relatively Tittle
interaction.



Project Status -

In the Fischer-Tropsch synthesis, oa-olefin products have long been
.observed and often described as the primary products of the hydrogen -carbon
monoxide reaction. These olefins are th?uaht to participate in paraffin
production via subsequent hydrogenation.' Since one of the principle
.characteristics of the iron based manganese catalysts is their relatively
high selectivity to olefins, their hydrogenation activity was investigated.
‘Hydrogenation of 1-hexene was chosen as the model reaction.

The procedure followed for the hexene hydrogenation experiments is
similar to that used in this Taboratory to test the hydrogenation activity
of used H-coal catalysts.2 Approximately 4 g of prereduced catalyst was
Toaded in the reactor and then heated to 500°C in flowing hydrogen for an
hour or more to remove surface oxygen. The catalyst was then cooled to
room temperature and hexene was introduced into the hydrogen gas stream
~using two bubbles in series, the first bubbier at room temperature and the
second at 0°C. The products of reaction were analyzed using a gas chroma-
tograph. Pseudo-first order rate constants were determined for the hydro-
genation reaction. Thermodynamically, the hydrogenation reaction is
essentially irreversibie at the conditions employed. Two other reactions
were also observed on the catalysts, double bond isomerization and hydro-
genolysis. No skeletal isomerization was observed. Double bond migration
occurred at Tower temperature in general than hydrogenation. The hydro-
genolysis reaction became s1gn1f1cant at h1gher temperatures. : '

The freshly reduced catalysts were found to be very active toward hexene
. hydrogenation. The pure iron catalyst completely converted hexene to hexane
at room temperature. The presence of manganese oxXide did appear to Tower
the hydrogenation activity of the catalysts somewhat, but these catalysts -
were also very active. Manganese oxide itself, however, showed virtually
no hydrogenation activity.

A carburization pretreatment had a substantial effect on the activity
of the iron catalyst activity for hexene hydrogenation. Table 7 shows
“the caiculated hydrogenation rate constants of freshly reduced iron (catalyst -
C-0) and iron carburized 3 hours at 250°C in a 2H2/CO mixture. The hydro-
genation activity over the carburized cata]yst was significantly Towered
compared te the fresh catalyst. This is most Tikely due to a carbon.over-
Tayer on the catalyst,3 either reducing the number of active iron -sites or
causing a diffusion Timitation to the reaction by virtue of a need to diffuse
the reactant through the carbon layer to reach the iron surface. Reaction
of hexene in a 2H2/C0 gas mixture further reduced the hydrogenation activity
over the precarburized catalyst. If the hydrogenation rate is proportional
to the hydrogen partial pressure., a lowering of the hydrogenation rate by
2/3 would be expected. The much greater effect is probably due to compe-
titive adsorption of CO for the active sites, thus Towering their concen-
tration for hexene adsorption. Of course, the synthesis gas hydrogenation
conditions more closely represent those during Fischer-Tropsch synthesis
and better approximate the actual hydrogenation activity of the catalyst.

Table 2 shows the hydrogenation activity in synthesis gas of several
catalysts after carburization. The specific rate constant based on previously
determined iron area from. chem1sorpt1on measurements are also Tisted.

The presence of manganese in the C-5 to C-39 catalysts has approximately
halved the rate constant of the pure iron catalyst on a weight basis. Inter-
~ estingly, on a iron surface area basis the rate constants are quite simiiar.
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However, the high manganese catalyst (C-74) shows a higher intrinsic hydro-
genation activity than pure iron. This result is consistent with the Tower
olefin to paraffin ratio observed for the high manganese catalysts. 4 The
reason for this behavior has not been established. The pure manganese oxide
catalyst (C-100) again showed no hydrogenation activity.

Table 2 also 1ists the calculated activation energies shown by the
catalysts for hexene hydrogenation. They are somewhat low, perhaps indi-
cating a diffusion limitation through the carbon layer.” The activation
energy is also seen to rise somewhatwith manganese oxide content.

Future Work

Work using the transmission electron microscope will be continued. Some
experiments will begin on catalyst activity toward alcohol dehydration.
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Table 1

Hexene Hydrogenation over Fe Catalyst

Catalyst Reaction kH’ cm /g min
Pretreatment Gas 500C 1500C 2500C
Reduced Ho — Complete Conversion —
Carubrized® Hy 0.4  30.5 73.3
Carburized? 2Ho/CO <0.1 2.1 10.7

32H2/CO at 2500C for 3 hr.
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IV. Conclusions

Detailed conclusions are incliuded in the reports for each task. Task 4
is no longer funded and has been discontinued. Task 11 has not been initiated
as yet. No report was submitted for Task 2. No work was done under Task 15.
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